I propose to deal almost entirely with lactate dehydrogenase (LDH) isoenzymes, since there is no doubt that up to the present time they have commanded most attention. The enzyme system was separated into its various isoenzyme components at approximately the same time by a number of different workers. Wieme (1959) employed his technique of enzymo-electrophoresis, Vesell and Beam (1957) used electrophoresis in a starch block and Sayre and Hill (1957) employed continuous flow paper electrophoresis. Wieme was really the first to demonstrate that there were five components, since the other workers had failed to detect the slowest moving band. Markert and Maller (1959) proposed that the word "isozyme" be used to describe the different molecular forms in which proteins may exist with the same enzymatic specificity. Wroblewski, who has contributed much to the study of extracts of human tissues by starch-gel electrophoresis, has also demonstrated that five fractions exist and has introduced the word " isoenzyme" to describe each of them (Wroblewski and Gregory, 1961) . The usage of the descriptive word "isozyme" or " isoenzyme" has now become a matter of personal preference. In my own laboratory we use the latter.
The actual labelling of the individual components has also led to some confusion. It is generally agreed that they should be called LDH-l, LDH-2, LDH-3, LDH-4 and LDH-5. Most European workers use LDH-I to denote the fastest moving isoenzyme and work backwards to the slowest form, whereas a number of American investigators adopt exactly the reverse procedure. In my own laboratory we have tended to follow the American nomenclature, but now that the appropriate committee has decided to label the fastest moving isoenzyme as LDH-l and the slowest LDH-5 we shall no doubt all use this nomenclature and this is what has been adopted in this communication.
Our own technique of separation employs starch-gel electrophoresis in a gel 6 mm. thick. The gel is subsequently sliced and enzymatic activity of any kind can be demonstrated by appropriate staining techniques (Latner and LOR-' LOH-4 LOR-3 LOR-2. LOR-l Skillen, 1961; Hodson, Latner and Raine, 1962) . For lactate dehydrogenase we make use of phenazine methosulphate to transfer protons from NADH 2 to a tetrazolium salt (MTT), which is thereby reduced to an insoluble purple formazan. In this way a series of purple bands appear in the gel. Fig. 1 Clinical Applications. The application of lactate dehydrogenase isoenzyme studies in relation to the diagnosis of myocardial infarction is now well established. The heart pattern can be recognised in the serum 6-24 hours after the initial incident and may be detected even after two or three weeks at a time when total enzyme values have returned to normal; this is illustrated in Fig. 3 . The isoenzyme picture has real importance in relation to a second myocardial infarction following fairly rapidly after the original incident. One interesting phenomenon which has been recognised is the appearance of the slowest moving isoenzyme in the serum of some patients five or six days after the infarction. This would indicate the possibility of some liver necrosis having occurred. It is difficult to have the results we obtain with extracts of various adult human tissues. It can be seen that liver extract contains mainly the slowest moving form, whereas the main constituents of heart extract are LDH-2 and LDH-l. In view of the fact that we had proposed to apply isoenzyme studies to clinical problems, we have investigated the effect of adding serum to tissue extracts. As a result of disease processes, tissues liberate their isoenzymes into the circulation and it is now well recognised that the behaviour ofthese during electrophoresis can be affected by proteins, such as those contained in the blood. We have shown that the slowest moving band, after mixture with serum, appears on the cathode side of the insertion slot and that the fastest moving band tends to spread out along with serum albumin (Fig. 2) . , .,. .•..~;
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Fig
. 4-Similarity in the isoenzyme patterns between rheumatic myocarditis, pernicious anaemia and myocardial infarction. A normal serum is shown for comparison. 1:·:;'li\~r~·:·{~r';'_y:.:. , l { : · t .i J ;: ;l , ; · ' : : + ; : · : ' · · ·. · ' , : ' · ; : " ' ; : : : ' : , any precise ideas why this should occur, since we know that the band does not occur very frequently in cases of ordinary congestive cardiac failure. We must not, however, forget that this slow moving band is also present in skeletal muscle and might to some extent have its origin there and really be a manifestation of disuse atrophy. The serum pattern following myocardial infarction is by no means specific, since, as can be seen in Fig. 4 , a similar type of picture can be observed in acute rheumatic myocarditis and in pernicious anaemia. Although it is a recognised clinical fact that electrocardiogram changes closely resembling those of myocardial infarction can occur in pernicious anaemia, it would appear that in this instance the fast moving isoenzymes are mainly derived from marrow tissue (Emerson, Wilkinson and Withycombe, 1964) . After appropriate treatment with vitamin B 12 both the isoenzyme pattern and the electrocardiogram fairly rapidly return to normal.
We are at present undertaking a controlled investigation of isoenzyme changes which occur in the syndrome of prolonged angina and also trying to assess whether there is any correlation between the isoenzyme picture and the actual size of a known infarct. It would seem that the pattern runs roughly parallel with the electrocardiogram and in relation to prolonged angina I have the impression that the isoenzyme evidence would indicate that some of this is an actual infarction and that the remaining patients either have an infarct too small to detect or do not suffer muscular necrosis.
Diagnostic help has also been obtained in liver disease. In cases of jaundice, LDH-5 is more or less constantly present whether the jaundice is related primarily to hepatocellular disease or to extrahepatic obstruction of the biliary tract. There is no doubt that in the former case the band tends to be very much more prominent and with experience one can achieve a fair degree of accuracy in recognising to which group a particular patient belongs. The appearance of this band seems to be almost a constant finding in infective hepatitis during the period before the onset of jaundice. We have also achieved some success in relation to the effect of possible hepatotoxic drugs and on a number of occasions have detected the band as being present in the early stages of toxicity.
Very early on we had great hopes that the changing isoenzyme pattern would be useful in the differential diagnosis of acute pancreatitis. Our hopes were raised when we found the pancreatic type of pattern constantly present in known cases. Unfortunately, a similar pattern can quite frequently be detected in other acute abdominal emergencies. This is because of the presence of shock, which gives rise to a similar pattern in dogs (Vesell, 1961) .
Studies have been undertaken in relation to the distribution of lactate dehydrogenase in skeletal muscle and serum of patients suffering from muscular dystrophy (Lauryssens, Lauryssens and Zondag, 1964) . Both in the tissue and the serum a shift in maximal activity towards the fastest moving fractions has been observed.
The relative affinities of lactate dehydrogenase isoenzymes for pyruvate and hydroxy butyrate (Wilkinson, Elliot, Cooke and Plummer, 1962) , their relative heat stabilities (Wroblewski and Gregory, 1961; Latner and Skillen, 1963) and their sensitivity to acetone (Latner and Turner, 1963) have been used clinically. More recently chloroform inhibition has been shown to have some application (Warubrton, Smith and Laing, 1963) . Simple adsorption-elution on Sephadex-DEAE (Richterich, Schafroth and Aebi, 1963) is also very promising.
Sub-unit Structure. Using guanidine hydrochloride to break hydrogen bonds, it has been shown that beef heart lactate dehydrogenase gives rise to a homogenous polypeptide of molecular weight one-quarter of the original material (Appella and Markert, 1961) . Very similar behaviour is obtained with urea and so it appears that this isoenzyme must be made up of four identical entities. On the basis of charge, the polypeptide sub-units from the various isoenzymes of beef tissue can be separated into two classes. It has been pointed out that combining these two in all possible groups of four would lead to five isoenzyme entities (Markert, 1962) . If one assumes that there are two subunits and designates them A and B then the five isoenzymes can be written A°B"'(LDH-l), AIB3(LDH-2), A2B2(LDH-3), A3Bl(LDH-4) and A"'BO(LDH-5). Markert has admitted that this concept owes much to our knowledge of haemoglobin composition. If correct, recombination of equal numbers of the dissociated sub-units of LDH-l and LDH-5 should produce all five isoenzymes in the ratio of 1 : 4 : 6 : 4 : 1. This has now been achieved by mixing LDH-l and LDH-5 in equal proportions in 1.0 M NaCI and allowing dissociation and recombination to occur by freezing overnight (Markert, 1963a) .
Observations on lactate dehydrogenase obtained from chicken breast muscle and chicken heart have led to a similar hypothesis to explain the five isoenzymes which occur (Cahn, Kaplan, Levine and Zwilling, 1962) .
It has recently been shown that each of the human isoenzymes has a molecular weight of 117800±3800 (Jaenicke, 1963) and that dissociation into sub-units occurs after elevation of ionic strength.
The amino acid composition of LDH-3 should be a mixture of 1 and 5. The amino acid composition of both crystalline beef LDH-l and crystalline beef LDH-5 have been defined and LDH-3 shows a composition which is the average of these two (Markert, 1963b) . After tryptic digestion the polypeptide patterns obtained from LDH-l and LDH-5 shows differences when examined by chromatography followed by electrophoresis on paper. On the other hand quite a number of the peptides are similar. Here again, the situation is not unlike that which holds with the haemoglobins. In both isoenzymes the N-terminal residue is threonine and the C-terminal residue is aspartic acid. It is believed that there was probably a common origin during the biochemical evolution of these isoenzymes and it is suggested that the two different genes, which are presumably responsible for their production, both arose by duplication from a single precursor gene.
If each sub-unit is antigenic, immunochemical tests should demonstrate within a species that LDH-l and LDH-S are not cross-reactive but that each is cross-reactive with LDH-2, LDH-3 and LDH--4. The results obtained in various laboratories have been consistent with this hypothesis (Plagemann, Gregory and Wroblewski, 1960; Cahn et aZ., 1962; Lindsay, 1963 ; Markert and Appella, 1963) .
The concept of sub-unit structure is also useful in explaining stability properties of lactate dehydrogenase isoenzymes. It is now well recognised that tissue extracts, in regard to their isoenzyme content, are more stable at room temperature than at -20°C, It has been suggested that this is due to the fact that during homogenization of a tissue NAD is removed from the A sub-unit and this renders it particularly liable to inactivation at -20°. Such inactivation can be prevented by the addition of excess NAD (Zondag, 1963) .
Treatment of mouse lactate dehydrogenase with~-mercaptoethanol results in the appearance of fifteen bands with lactate dehydrogenase activity instead of the usual five (Fritz and Jacobson, 1963) . This could be explained by assuming that one molecule of NAD is attached to each of the sub-units and that mercaptoethanol can remove the coenzyme only from the muscle type.
In a variety of animals, including man, one or more isoenzymes are present in mature testis and sperm in addition to the five forms already described (Zinkham, Blanco and Kupchyk, 1963) . It is likely that these additional components are under different gene control.
Genetic Variants. Accounts of genetic variations of the lactate dehydrogenase isoenzyme system are now appearing in the literature and it seems that the sub-unit hypothesis can be invoked to account for these. Boyer, Fainer and Watson-Williams (1963) described a variant in a 25 year old Nigerian male. Examination of red cell haemolysates demonstrated multiple components appearing within the major lactate dehydrogenase zones. LDH-l consisted of five multiple components, LDH-2 of four, LDH-3 of three and LDH--4 of two. LDH-S cannot, of course, be demonstrated in red cell haemolysates. These findings can easily be explained by assuming that in addition to the normal fast moving sub-unit B there is a mutant form B, Random combinations in accordance with the sub-unit hypothesis would then result in the appropriate number of components in all the bands. LDH-l could then be either B" Ba~], B2~2' B]~a or~,; LDH-2 could be either BaA!, B2~]Al> B]~2Ah or~aAl ; LDH-3 could be either BzA z, B]~]Az or~zAz and the LDH--4 could be B]A a or~]Aa. Had it been possible to demonstrate an LDH-S this, of course, would have been only one entity, viz. A" since no mutant form of sub-unit A was present.
Another variant has been described in the red cells of four members of two generations of a Brazilian family (Nance, Claflin and Smithies, 1963) . Here again support has been obtained for the concept that the lactate dehydrogenase isoenzymes are determined by the interaction of two sub-units which are under separate genetic control. In this case, however, the products of the mutant and normal allele did not appear to associate randomly to form isoenzymes. The mutant haemolysates showed two bands in each of the major components LDH-l, LDH-2 and one band in LDH-3.
We are ourselves investigating a genetic variant in which the red cell haemolysate shows one band in the fastest moving component, two bands in the next, followed by three bands in the third component (Latner and Turner, unpublished observations) . We have also found a similar distribution in the extracts from a carcinoma of the cervix from one of the family and can here demonstrate the presence of the slowest moving bands which are probably multiple but are unfortunately somewhat blurred. dehydrogenase isoenzymes has been demonstrated (P1agemann et al., 1960) . That derived from heart was inhibited by increasing concentrations of pyruvate, but the liver isoenzyme showed no inhibition until concentrations were very high. The results obtained are shown in Fig.  5 , which has been redrawn and modified (Markert, 1963b) from the data given in the original paper. Similar findings have been obtained with isoenzymes from other sources, e.g. the chicken (Lindsay, 1963) . This differential inhibition has led to the concept that those tissues containing a preponderance of the fastest moving isoenzyme would allow pyruvate to accumulate and so encourage the initiation of the tricarboxylic cycle or, in other words, aerobic respiration. On the other hand tissues containing a preponderance of the slowest moving isoenzyme would tend to respire anaerobically, since pyruvate would be converted to lactate quite rapidly.
Markert (l963b) has pointed out that it seems quite likely that the fundamental role of lactate dehydrogenase is to regulate the ratio of NAD to NADH s . This is of critical importance in numerous biochemical reactions in the cell and each isoenzyme may serve to regulate the ratio at specific locations in the cell where that particular isoenzyme is bound by virtue of its unique charge. The work of Kaplan and his associates has shown that the different isoenzymes oflactate dehydrogenase have significantly different catalytic efficiencies, especially in relation to various NAD analogues (Kaplan, Ciotti, Hamolsky and Bieber, 1960; Kaplan and Ciotti, 1961) .
The ability of voluntary muscle to carry on under conditions of "oxygen debt" can be explained by the fact that the slowest moving isoenzyme, prominent in this tissue, rapidly converts pyruvate to lactate with a simultaneous oxidation ofNADH s to NAD. This regeneration of the latter by transfering hydrogen to pyruvate rather than to oxygen renders the coenzyme available for other oxidative reactions within the cell.
Ontogeny. One would expect that foetal tissues should show a preponderance of the slower moving isoenzymes, since they would favour the continuation of life under the lowered oxygen tension which prevails. With these thoughts in mind a number of workers have undertaken studies in regard to the development oflactate dehydrogenase isoenzymes in the foetus and the newborn animal.
It is known that in the developing mouse, rat and guinea pig brain there is a gradual increase in the activity of those components moving nearest to the anode during the first weeks of extra-uterine life (Flexner, Flexner, Roberts and De La Haba, 1960; Bonavita, Ponte and Amore, 1962) . In extracts of liver tissues obtained from the foetal mouse and the foetal guinea pig there are more bands than are present in extracts of adult tissues (Flexner et al., 1960) . Similar remarks also apply to embryonic rabbit skeletal muscle and embryonic rabbit heart muscle which contain all five bands (Vesell, Philip and Bearn, 1962) , whereas the adult skeletal muscle shows only LDH-l and the adult heart only LDH-S. On the other hand, studies of foetal mouse tissues (Markert and Ursprung, 1962) and of foetal rat tissues (Fine, Kaplan and Kuftinec, 1963) have shown that in nearly all the tissues examined the principal activity was in the LDH-4 and LDH-5 position, and with development there was a gradual change towards the more anodically moving isoenzymes, It seems from the point of view of ontogenesis that there are two possible developmental mechanisms. One in which there is a greater variety of isoenzymes at the beginning and this is cut down and the other where there is development of the adult pattern from an initial .foetal picture consisting in practically all tissues of only the slower moving isoenzymes, In our own studies (Latner and Skillen, 1964) with the rat and the human being we have shown that in both instances the latter is the case. One interesting finding has been that the human foetus begins closely to resemble the adult distribution pattern at about the 26th week and that the human brain is adult from this point of view at a much earlier stage. On the other hand, newborn rat tissues still bear a close resemblance to foetal tissues and adult development takes place during the first three weeks or so of the neonatal period. One would not be surprised, therefore, to find that the newborn rat was quite capable of a good degree of anaerobic respiration and it is well recognised by physiologists that these animals at birth seem to "survive" decapitation for an amazingly long period.
Cancer. Hill and Levi first reported the elevation of serum lactate dehydrogenase in neoplastic disease (Hill and Levi, 1954 ) and this has resulted in a good deal of work related to the demonstration of abnormal levels of lactate dehydrogenase in various body fluids (Wroblewski and La Due, 1955 ; Wroblewski, Decker and Wroblewski, 1957; White, 1958) . The finding of an abnormal elevation in serum lactate dehydrogenase is by no means a constant one in patients with cancer, nor can it in any way be regarded as specific. In the serum of patients suffering from leukaemia the lactate dehydrogenase activity seems, however, closely to parallel the clinical status (Bierman, Hill, Emory and Reinhardt, 1957) . It has also been shown in mice with transplanted and induced tumours that the serum lactate dehydrogenase activity rose only if the tumours were malignant (Hsieh, Suntzeff and Cowdry, 1956) . It has been known for some time that malignant tissue tends to contain a somewhat higher level of lactate dehydrogenase than does the corresponding normal tissue (Meister, 1950) . Our own results in relation to a group of eighty-three cases of carcinoma of the cervix are shown in Fig. 6 . Although there is no doubt that the average level is significantly higher than the controls, there is a good deal of overlap.
It was therefore not unnatural that isoenzyme studies should be applied in this field. It has been shown that in malignant effusions the slowest moving isoenzymes are quite prominent (Richterich, Locher, Zuppinger and Rossi, 1962 ) and a similar state of affairs has been found in the cerebrospinal fluid of some cases with metastatic carcinoma of the brain (Van der Helm, Zondag and Klein, 1963) . In our own studies we have found that malignant tumours contain predominantly LDH-3, LDH-4 and LDH-5 and when compared with the normal adult tissues show a shift to the slower migrating zones, i.e, those associated with aerobic glycolysis (Turner, 1964) . Similar findings have also been obtained by others in relation to carcinoma of the breast (Richterich and Burger, 1963; Barnett and Gibson, 1964) . If one is aware of this tendency for emphasis of the slower moving bands, it is possible not infrequently to recognise that the pattern found in a secondary tumour closely resembles that of the primary.
A study has recently been undertaken with regard to alteration in lactate dehydrogenase isoenzyme patterns in tissue cultures infected by adenovirus 12, which is known to be oncogenic (Latner, Gardner, Turner and Brown, 1964) . Although this work is in the preliminary stage, it is interesting to note that after infection with the oncogenic virus the lactate dehydrogenase isoenzyme pattern shifted towards the slower moving entities when compared with noninfected cultures and the total lactate dehydrogenase was also increased. On the other hand negative findings were obtained with the poliovirus, which is not recognised as oncogenic.
On occasion either in cancer tissue or in sera from patients suffering from cancer unusual isoenzyme bands are noted, both in the serum and the tissue extracts. It is interesting to note that the family which show the genetic variant to which we have already referred also shows a remarkably high incidence of cancer. There may or may not be some connection.
It has recently been shown that stilboestrol diphosphate in increasing concentrations causes a sequential inhibition of the individual lactate dehydrogenase isoenzymes of normal brain and of malignant tumours in the direction from the slowest moving isoenzyme towards the fastest moving. It has been suggested that the cytostatic effect of this substance in the treatment of cancer could be due to the blocking effect on the slower moving lactate dehydrogenase isoenzymes associated with malignancy (Clausen and Gerhardt, 1963) .
Other Dehydrogenase Isoenzymes. Investigations with other dehydrogenase isoenzymes have not as yet proceeded to anything like the same extent as with lactate dehydrogenase.
An interesting metabolic possibility has been suggested with regard to malate dehydrogenase. The mitochondrial form is orientated towards the oxidation of malate and the soluble form towards the reduction of oxaloacetate . Oxaloacetate and malate can be involved as a shuttle between the soluble and mitochondrial pyridine coenzymes. These possibilities have been incorporated in a scheme utilizing the two malate dehydrogenases for coupling the oxidation of the soluble NADH with phosphorylation. A similar shuttle system has been suggested involving the soluble and mitochondrial forms of ex-glycerol phosphate dehydrogenase (Bucher and Klingenberg, 1958 ; Sacktor, 1959) .
Genetic considerations have been applied to the multiple forms of glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase in red cell haemolysates. The former seems to show a kind of sex-linked inheritance (Kirkman and Hendrickson, 1963) . 6-phosphogluconate dehydrogenase, however, does not show such linkage; the majority of individuals examined show only one band of activity after electrophoresis, but a small number also showed an additional band which moved somewhat more slowly. It would appear that those individuals showing two bands are probably heterozygous through a gene pair, with simple Mendelian inheritance of an autosomal nature (Fildes and Parr, 1963 The obvious advantage of fluorimetric over spectrophotometric methods of enzyme estimation is their much greater sensitivity. Only small amounts of material are required and preparations of low specific activity can be assayed. Although in many situations the sensitivity of spectrophotometric methods appears to be adequate, the ability to carry out fluorimetric assays over a much wider range of conditions (by varying pH, enzyme dilution, substrate concentration, etc.) may have important advantages.
The principle on which a fluorimetric assay is based is often the same as that used in the corresponding spectrophotometric methods. Methods fall into two main groups (I) those which depend on the oxidation or reduction of a pyridine-nucleotide coenzyme (Laursen and Hansen, 1958; Laursen, 1959) . The coenzyme may be directly involved in the reaction under study or may be coupled to it through a secondary reaction. The fluorescence of either reduced or oxidised coenzyme can be selectively estimated.
(2) methods for group-specific hydrolases. Fluorogenic substrates, analagous to the usual chromogenic substrates, have been introduced for several enzymes of this type. The substrates are synthesised by coupling the group or residue which determines enzyme specificity to a fluorogenic material whose fluorescence is thus modified or suppressed. The assay depends on the specific estimation, in the presence of a large excess of unhydrolysed substrate, of small amounts of fluorogen liberated by the enzyme. Table 1 lists fluorescent materials from which suitable substrates have been prepared. Methods based on naphthyl and methylumbelliferyl conjugates depend on the fact that, in alkaline solution, the fluorescence and excitation spectra of the phenolic anion differ markedly from those of the unhydrolysed substrate. The fluorescence of aromatic amines is suppressed by acylation and the~-napthylamides of various amino-acids have been used as substrates in the assay of peptidase activities. In these methods final akalinisation of the reaction mixture prior to assay of the liberated amine is not necessary. No fluorimetric methods appear to have been devised for non-specific esterase, aryl sulphatase or for any of the absolutely specific hydrolytic enzymes (e.g. 5-nucleotidase, glucose-6-phosphatase etc.), Spectrophotometric estimations involve measurements of absorbance. The equation for a solution is A=cdE (c=concentration of the solution, d=optical path length, E=molecular extinction coefficient). When used conventionally, the performance of a spectrophotometer in the 220-520 mfL region is limited chiefly by optical and electrical aberrations (stray light,
